We study photoinduced ultrafast coherent oscillations originating from orbital degrees of freedom in the one-dimensional two-orbital Hubbard model. By solving the time-dependent Schrödinger equation for the numerically exact many-electron wave function, we obtain time-dependent optical response functions. The calculated spectra show characteristic coherent oscillations that vary with the frequency of probe light. A simple analysis for the dominant oscillating components clarifies that these photoinduced oscillations are caused by the quantum interference between photogenerated states. The oscillation attributed to the Raman-active orbital excitations (orbitons) clearly appears around the charge-transfer peak.
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For example, there have been many studies on photoinduced macroscopic changes in electronic states, often called "photoinduced phase transitions" (PIPTs).
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These photoinduced phenomena often accompany subsequent non-equilibrium dynamics. One typical example is coherent oscillations observed after the rapid photoinduced changes. [10] [11] [12] [13] [14] [15] [16] [17] These oscillations involve much information of characteristic collective modes of the systems, phonon, orbiton, and so on. Hence investigating the coherent oscillations provides us insight into roles of these modes in the photoinduced phenomena.
Until a few years ago, experimental studies have used relatively long pulses (∼ 100fs), which allow us to detect only slow lattice dynamics. [10] [11] [12] [13] However, recent development of experimental technique that provides sub-10-fs pulses enables us to observe much faster dynamics. In particular, considerable experimental effort has been devoted to the study of the ultrafast oscillations in transition metal oxides, which have fast vibrational phonon modes, [14] [15] [16] [17] or orbital excitations.
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In contrast to these experimental achievements, theoretical studies on the photoinduced ultrafast oscillations have not been carried out so intensively. [18] [19] [20] Although some of the authors and coworkers have provided a theoretical description on dynamics of an organic compound (EDO-TTF) 2 PF 6 , the treatment for the lattice degrees of freedom is limited to a classical one. 18, 19 A quantum theory for the same material, 20 where quantized phonons are dealt with, focuses on the slow lattice dynamics. Thus alternative quantum-mechanical treatment is needed to describe the ultrafast oscillations of excitations with much higher frequencies.
In this Rapid Communication, we present a theoretical study of the photoinduced ultrafast coherent oscillations of the one-dimensional (1D) two-orbital Hubbard model coupled with static lattice distortion, which is a 1D analog of transition-metal oxides with orbital degrees of freedom. Numerically calculated time-dependent optical response functions show clear ultrafast coherent oscillations that vary with the frequency of probe light. An analysis of optical excitation processes contributing the dominant oscillating components clarifies that (i) the photoinduced coherent oscillations are caused by the quantum interference between eigenstates included in the photoexcited state and (ii) the oscillation around the charge-transfer (CT) peak results from the Raman-active two-orbiton state while the oscillation in the low-energy region is caused by a one-holon-doublon (hd)-pair excitation. The excitation process for the former case is illustrated in Fig. 1 . (2) . The quantum interference between (1) and (3) generates the coherent oscillation with the frequency ∆2O, the energy gap between the two states. A clear oscillation appears in the case where the probe frequency ω prb is almost equal to the optical gap ∆opt.
In this work, we use the 1D two-orbital Hubbard model coupled with static lattice distortion. The Hamiltonian is given by
where c † lτ σ (c lτ σ ) is the creation (annihilation) operator of an electron with spin σ(=↑, ↓) at orbital τ (= 1, 2) at site l, n lτ σ = c † lτ σ c lτ σ , n lτ = n lτ ↑ + n lτ ↓ , and Q l is the JahnTeller-type lattice distortion. U , U ′ , J, and J ′ denote intraorbital Coulomb, interorbital Coulomb, interorbital spin exchange, and interorbital pair hopping interactions, respectively. We also note that the following relations U = U ′ + 2J and J ′ = J hold. 21 The electron-lattice coupling and the elastic constant are given by g and K, respectively. We treat the quarter-filled N -site chain with N = 4 and impose the periodic boundary condition.
The time(τ )-dependent transfer integral t(τ ), which is finite only between the same orbitals of neighboring sites, is introduced as t(τ ) = t 0 e i(ae/ c)A(τ ) , where t 0 is the bare transfer integral, e is the absolute value of the electronic charge, a is the lattice spacing, and c is the velocity of light. In the following, we use the unit t 0 = e = a = c = = 1. The pump laser pulse is represented by the vector potential A(τ ) given by
where F is the amplitude of the electric field, τ c is the central time of the pump field, and T pmp defines the width of the Gaussian function. We set τ c = 10 and T pmp = 1. When we set the bare transfer integral t 0 = 0.1 eV, the pulse width 2T pmp corresponds to about 13 fs, which is same order of the pulse width of recent experiments.
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The frequency ω pmp is set to the optical gap ∆ opt . The procedure of calculation is as follows. First of all, we obtain the ground state |φ 0 and the stable lattice distortion Q l with no pump field by iterative application of the Lanczos diagonalization and the HellmannFeynmann theorem;
22 ∂ φ 0 |H|φ 0 /∂Q l = 0 for all l. The obtained stable configuration is found to be the staggered distortion
. Then, we calculate the state |ψ(τ ) by solving the time-dependent Schrödinger equation i d dτ |ψ = H|ψ . The ground state |φ 0 is used as the initial state and the lattice configuration is fixed. The Schrödinger equation is numerically solved by expanding the exponential time evolution operator with time slice dτ =0.02.
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To observe the time-dependent dynamics, we calculate the transient optical response function 19, 23 given by
whereĵ = it 0 lτ σ (c † lτ σ c l+1τ σ −c † l+1τ σ c lτ σ ) is the current operator, 24 δ is a broadening parameter set at 2.0, H 0 is Hamiltonian (1) with t(τ ) = t 0 , and E = ψ(τ )|H 0 |ψ(τ ) . We also note that ∆ opt is obtained from the lowest peak of I(ω prb , τ ) at τ = 0.
We set other parameters as U ′ = 20, J = 5, g = 0.4, and K = 1. For these parameters the ground state is in the ferromagnetic phase with finite lattice distortion Q st ∼ 0.36. Because we focus on the photoinduced coherent oscillation phenomena in this work, the pump field is set weak, F =2.0, which does not cause a PIPT. To clarify the origins of the coherent oscillations around the CT peak, we calculate the Fourier transform of I(ω prb , τ ) and two spectral functions defined below. The Fourier transform in the time domain τ ∈ [τ i , τ e ] is given byĪ
One of the spectral functions is that detects Ramanactive excitations, defined by
where |jj =ĵĵ|φ 0 − |φ 0 φ 0 |ĵĵ|φ 0 . The other one is the orbital dynamical structure factor T z (q, ω) given by Hence we conclude that the two peaks ofĪ(ω probe , ω) correspond to the Raman-active orbital excitations. These orbital excitations are described by the effective model for the orbital degrees of freedom 25 given by
where J is the antiferro-orbital superexchange constant,
, and H eff is the effective staggered field, H eff = 2gQ st . The spin part is omitted since the system is ferromagnetic. For the two-orbital system, the Raman-active orbital excitations have been discussed and shown that they are two-orbiton processes with a finite excitation gap due to the staggered field. Now we turn our attention to the low-ω prb region. The Fourier transform for ω prb = 1, depicted in Fig. 4 , displays the dominant peak at ω = 3.1, which is much higher than the frequencies of the orbital excitations. The origin is elucidated by calculating an analog of χ(ω) for the lowest optical excitation |φ opt defined by
where |jj ′ =ĵĵ|φ opt − |φ opt φ opt |ĵĵ|φ opt and ǫ opt is the energy of |φ opt . The state |φ opt is the lowest oneholon-doublon(hd)-pair excitation, 27, 28 which gives the main contribution of the low-ω prb component after photoexcitation. χ(ω) opt shown in Fig. 4 has a clear peak at ω = 3.1, which is at the same location of that of I(ω prb = 1, ω). The state corresponding to this peak is another one-hd-pair excitation |1hd ′ in Fig. 5 (for details, see below), taking account of its eigenenergy; it is higher than that of |φ opt by the order of t 0 and much lower than the two-hd-pair excitations. Now, let us discuss the reason why the different oscillations are observed by changing ω prb . To this end, we expand the quantum state |ψ(τ ) as follows;
where |α is an eigenstate of H 0 and has the eigenenergy ǫ α . We now assume that the total energy E is almost equal to the ground-state energy ǫ 0 since the pump field is weak in this work, and we thereby obtain the expression
where f L (x) is the Lorentzian function f L (x) = δ x 2 +δ 2 . Equation (10) tells us the following points: (i) there are three important states, the initial state |α , the final state |γ , and the virtually excited state |β , which are connected by the matrix element ofĵ. (ii) The coherent oscillation occurs as a quantum interference between |α and |γ and its frequency is equal to the energy difference ǫ γ − ǫ α . (iii) The oscillation appears for ω prb ∼ ǫ β − ǫ 0 .
By using these points, we discuss the coherent oscillation around the CT gap, i.e., ω prb ∼ ∆ opt = ǫ opt − ǫ 0 . In this case, the relevant virtual state |β is |φ opt , and the important initial state is the ground state |φ 0 . Then the final state is expected to be the two-orbiton state |2O , which is detected as the main peak of T z (q = π, ω). The schematic picture of this transition process is shown in Fig. 5 (a) , and the dominant component is given by
where ∆ 2O = ǫ 2O −ǫ 0 . This expression clearly shows that the two-orbiton excitation |2O is observed as the main oscillating component and that |2O is Raman-active. Now, let us discuss the low-ω prb region. In this region the relevant initial state is the lowest optical excitation |φ opt . Then the main virtual state is the two-orbiton state |2O , and the final state should be another one-hdpair state |1hd
′ [see Fig 5 (b) ]. We thereby obtain the main contribution;
From Eq. (12), we can see that the frequency shown in Fig. 4 is equal to the gap between the lowest one-hdpair state |φ opt and another one-hd-pair state |1hd ′ . In general, one-hd-pair states form a continuum in the thermodynamic limit, 29 implying that an infinite number of coherent oscillations can contribute to I(ω prb , τ ). As a result, the coherent oscillation in the low-ω prb region may disappear because of the superposition of the infinite oscillating components. Here we discuss the experimental realization of the photoinduced oscillations caused by the orbital excitations. The appearance of the photoinduced oscillation caused by the orbital excitations is suggested on the basis of the experimental results for Pr 0.7 Ca 0.3 MnO 3 , 14 a Mn perovskite with three-dimensional structure. However, there is a puzzling fact that the oscillation is observed only above the orbital melting temperature. Here, we note that our theory does not prohibit such an oscillation if Raman-active orbital excitations exist in the disordered phase. In addition, if other excitations such as phonons have dominant Raman intensity, it might be difficult to distinguish the orbital excitations by using the Fourier transformation even in the ordered phase.
A more appropriate candidate of the quasi-1D system is LaVO 3 , 30,31 where the Raman-active two-orbiton excitations exist. 26 As for the photoinduced properties, no coherent oscillation has been detected while a photoinduced Drude-type spectral weight has been observed. 32 Nonetheless, the femtosecond time-resolved reflection spectroscopy would clarify the oscillations because there found the Raman-active orbital excitations with the frequencies of 43 and 62 meV, 26 which correspond to oscillations with the time-periods of 96 and 67 fs. Other quasi-1D materials, including KCuF 3 , 33 would be alternative candidates with orbital degrees of freedom.
In summary, our quantum-mechanical treatment provides a simple picture for the photoinduced ultrafast coherent oscillations; the oscillations observed in the optical response are caused by the quantum interference between the eigenstates included in the photoexcited state. The difference of the virtual optical excitation process results in the ω prb dependence of the oscillations.
